BACKGROUND & AIMS: Genome-wide association studies (GWAS) have uncovered multiple 55 loci associated with inflammatory bowel disease (IBD), yet delineating functional consequences 56 is complex. We used a network-based approach to uncover traits common to monogenic and 57 polygenic forms of IBD in order to reconstruct disease relevant pathways and prioritize causal 58 genes.
INTRODUCTION
One of the prototypic diseases at the crossroads of autoimmunity and autoinflammation is 79 inflammatory bowel disease (IBD) 1 . IBD is commonly divided into ulcerative colitis and Crohn's 80 disease, denoting a group of heterogenous, chronic disorders of the gastrointestinal tract that affect 81 approximately 1/1,000 individuals in Western countries with a peak onset in young adults 2 . It is 82 now acknowledged that IBDs result from pathologic interactions between the microbiota and the 83 host immune system in genetically susceptible individuals 3 . The contribution of genetics to these 84 diseases of relatively late onset is however weak with more than 230 identified susceptibility loci, 85 which, altogether, account for only 15% of IBD risk 4-6 . To date, common variants associated with 86 IBD cannot predict IBD susceptibility and disease progression with high confidence for individual 87 patients 7 . Accordingly, much of the heritability of IBD remains unexplained 8 and one of the major 88 challenges of today is linking significantly associated genes through GWAS studies to the 89 pathobiology of IBD. Interestingly, IBD can also manifest as an early-onset monogenic disease 9 . 90 While to date only few gene defects have been found to cause monogenic IBD affecting 91 exclusively or predominantly bowel immune homeostasis, IBD-like features can be the first signs 92 of an underlying, systemic inborn errors of immunity as illustrated in over 50 Mendelian disorders 93 that can present with an IBD-like phenotype 9 . These monogenic forms of IBD point out to crucial 94 non redundant molecular mechanisms maintaining intestinal homeostasis, both involving innate 95 and adaptive immunity, while GWAS typically yield many genes with moderate effect size and 96 often unclear pathobiological impact. In light of recent discoveries identifying diseases as localized 97 clusters on networks 10, 11 , we here set out to leverage the network-based characteristic of 98 monogenic IBD to gain more understanding of the biological context of IBD-associated GWAS 99 data, and to bridge the gap between the adaptive (monogenic) and innate immune component of 100 IBD. We have used a state-of-the art network-based approach to uncover novel traits of both 101 monogenic and common polygenic forms of IBD with the aims of reconstructing disease-relevant 102 pathways and prioritizing causal genes. Our network-based approach predicted PTPN2 as an 103 important regulator of intestinal immune homeostasis, a hypothesis also supported by data derived 104 from mouse studies [12] [13] [14] 15 . Further demonstrating the central role of PTPN2, we identified PTPN2 105 haploinsufficiency as a novel, monogenic inborn error of immunity impairing intestinal 106 immunoregulation, bridging the gap between large-scale network medicine-based prediction and 107 single-gene defects and the dissection of the underlying molecular pathomechanisms. Monogenic defects underlying IBD were defined as recently described 9 . We have opted to use a 112 widely-utilized and cited resource to obtain our list of GWAS genes, therefore the GWAScatalog 16 113 was used to query significant SNPs associated with IBD by queries for "inflammatory bowel 114 disease", "Crohn's disease" and "ulcerative colitis" respectively (https://www.ebi.ac.uk/gwas/).
115

Molecular Interaction Networks And Network-Based Measures
116
A full description of all network-based is provided in the Supplementary Materials and Methods. 117 In brief, we collected a total of 22 molecular networks including a manually curated interactome 118 network of physical, experimentally validated protein-protein interactions which consists of 119 13,460 proteins and 141,296 interactions 10 , and 16 transcriptome-wide coexpression networks 120 from 17 .We constructed pathway similarity networks using the Molecular Signatures Database 121 (MSigDB, http://software.broadinstitute.org/gsea/msigdb/collection_details.jsp). In each pathway 122 similarity network, two genes were connected if they shared a pathway annotation. The number of 123 shared pathways determined the weight of an edge. 124 We calculated network-based separation of two diseases A and B as defined by:
where sAB compares the shortest distances between proteins within each disease, 〈dBB〉 and 〈dAA〉, Figure 1A , Supplementary Table1 ). The majority of the respective gene defects 197 cause disease through loss of function (Supplementary Figure 1B) , often affecting adaptive 198 immunity, most frequently T-cell function (20%, Supplementary Figure 1C ). The strong 199 enrichment in adaptive immune genes in monogenic IBD is in keeping with a recent analysis by 200 Fischer and Raussel stressing the limited genetic redundancy in the adaptive immune system 27 . We 201 constructed a comprehensive set of protein-protein interaction (ppi), co-expression and functional 202 similarity networks, collectively reflecting the complex and interconnected physical, regulatory 203 and functional systems within the cell and organism ( Figure 1A ). We found that monogenic IBD 204 genes generally represented important nodes in the architecture of these molecular networks, 205 illustrated by high connectivity, centrality and clustering coefficient scores on all network levels 206 ( Figure 1B -D, Supplementary Figure 2A -C). The connectedness of the 70 monogenic IBD genes 207 on the different networks was further assessed by measuring the respective largest connected 208 components (lcc) ( Figure 1E ). Monogenic IBD formed a significant disease cluster on a wide-209 range of biological networks ( Figure 1F ). The clustering was particularly pronounced in 210 coexpression networks, indicating that genes responsible for inflammatory signals (many of these 211 representing monogenic IBD genes) tend to be transcriptionally linked, as has been observed 212 previously 4, 28 . Overall, the connectivity of monogenic IBD was best captured by a manually 213 curated interactome of physical protein-protein interactions, which consists of 13,460 nodes and 214 over 141,296 connections ( Figure 1E , Supplementary Figure 2B ). To investigate the relationship 215 between monogenic IBD and other complex traits, we calculated distance measures between 216 monogenic IBD and other disease-associated genes on the interactome ( Figure 1G ). Monogenic
217
IBD was in closest proximity (as measured by the separation parameter sAB) to both "primary 218 immunodeficiencies" and "gastrointestinal diseases" ( Figure 1G ) as compared to other immune-219 mediated diseases such as rheuma and type I diabetes ( Figure 1H ). Overall these results prompted 220 us to assess more precisely closeness of monogenic and GWAS IBD genes. Table 2 ). Pathway enrichment revealed that the GWAS gene set was enriched for genes involved 227 in TNF signaling, JAK-STAT signaling, T-cell receptor signaling, as well as prolactin cytokine pathways but also likely pointing to the link between cancer and inflammation. Comparison of 236 GWAS and monogenic IBD showed limited overlap at the gene level, perhaps because the majority 237 of GWAS genes are functionally redundant (Supplementary Figure 3F ). Interestingly, a high 238 proportion of SNPs associated with Crohn's disease and ulcerative colitis were shown to map to 239 promoters or enhancers active in T cells 29 , suggesting an important contribution of adaptive 240 immunity to the pathogenesis of polygenic forms of IBD as in monogenic IBD. To better assess 241 whether and how polygenic and monogenic IBD might converge within functionally similar 242 pathways, we compared them at the interactome level. 243 In total, 282 out of 573 GWAS genes and 53 out of 70 monogenic IBD genes were represented in 244 the interactome, the rest being excluded for the downstream analyses. Collectively, they formed a 245 highly significantly connected cluster of 101 genes (z=5.3, Supplementary Figure 4A -B). As 246 expected, within the joint disease cluster, monogenic IBD was closer to inborn errors of immunity 247 with IBD phenotype than to GWAS IBD (Supplementary Figure 4C ). We hypothesized that the 248 most biologically relevant GWAS genes within this cluster are those with similar, albeit less 249 pronounced network characteristics as monogenic IBD genes in terms of connectivity and 250 centrality. To systematically identify such genes, we designed a network-based pipeline, using the 251 70 monogenic IBD genes as starting point. We used a well-established diffusion method, 252 specifically adapted to place less emphasis on highly connected network hubs and to rank genes 253 with the more robust network closeness to monogenic IBD genes more highly 30, 31 (Figure 2A , 254 Supplementary Figure 5A ). Within the top 50 ranked GWAS genes (referred to as "top" genes 255 from here forward), we found several genes associated with inborn errors of immunity ( Figure   256 2B), illustrating the power of this approach in highlighting essential checkpoints of immune 257 homeostasis. The top genes were further enriched in essential genes, as well as in genes associated 258 with other orphan diseases ( Figure 2B -C). Conversely, top genes were depleted in genes that may 259 harbor loss of function mutations in the healthy population, so called "dispensable genes", 260 compared to GWAS genes farther away from the monogenic IBD genes ( Figure 2D ). While we 261 only utilized interactome information to identify the top genes, they were also found to be central Figure 4G ). De novo segregation pattern was confirmed by Sanger sequencing (Figure   308 4D). Strikingly, the affected amino acid, Cys216, is highly conserved across species as well as 309 across other members of the superfamily of tyrosine-specific PTPs ( Figure 4F) . Accordingly, the 310 p.Cys216Gly substitution was indicated to be damaging by all prediction tools (SIFT, Polyphen, 311 Mutation Taster; Supplementary Table 5 ) and was associated with a high combined annotation-312 dependent depletion (CADD) score of 25.2 largely above the mutation significance cutoff of 3.13 313 for PTPN2 ( Figure 4G ), further supporting its damaging and deleterious effect 22, 35 . 314 The c.646T>G mutation did not impact PTPN2 expression or stability. Thus, overexpression of Figure 5A ). 324 Replacement of cysteine with glycine should impair this catalytic step as glycine lacks the polar 325 side chain to interact with the phosphorus atom of phospho-tyrosyl residue. To confirm the impact 326 of PTPN2 C216G on catalytic activity, WT or mutant C-terminally tagged PTPN2 were transiently 327 expressed in HEK293T cells, immunoprecipitated and de-phosphorylation of STAT1 or STAT3 328 peptides, that are putative substrates of PTPN2 37 was measured. Compared to WT PTPN2, the 329 mutant PTPN2 enzyme was totally deprived of catalytic activity ( Figure 5B, Supplementary Figure   330 5A). As PTPN2 is known to inhibit Jak/STAT signaling 37 , we further tested whether the C216G 331 mutation might result in hyperactivation of STAT3 signaling. Lentiviral constructs encoding WT 332 or C216G-PTPN2 were used to transduce HEK293 stably expressing a luciferase reporter gene 333 under the control of STAT3 transcriptional response elements (TRE). Following IL-6 stimulation, 334 overexpression of WT PTPN2 led to significant downregulation of STAT3 TRE activity over 335 control while the mutant form of PTPN2 failed to repress the reporter gene ( Figure 5C ).
337
The PTPN2 C216G mutation results in haploinsufficiency 338 Whether PTPN2 works as a monomer or a homodimer is unclear 38 . It was therefore unsure whether 339 expression of the mutated allele may or not impair the function of the residual normal protein.
340
HEK293T cells were transiently cotransfected with plasmids expressing differentially tagged 341 PTPN2, FLAG-PTPN2-FLAG and GFP-PTPN2. FLAG-immunoprecipitates contained large 342 amounts of FLAG-PTPN2 but also some GFP-PTPN2, suggesting that, at least in overexpression 343 setting, PTPN2 may homodimerize and, therefore, that the C216G allele could potentially act in a 344 dominant negative manner ( Figure 6A ). Catalytic activity of a mix of recombinant WT and C216G 345 PTPN2 at a 1:1 ratio was however comparable to the activity of recombinant WT PTPN2 alone 346 ( Figure 6B) . Similarly, the capacity of transfected WT PTPN2 to repress the luciferase reporter in 347 STAT3-TRE HEK293T cells stimulated by IL-6 was unmodified by cotransfection with C216G 348 PTPN2 ( Figure 6C ). Collectively, these data indicate that the mutant allele does not exert a 349 dominant negative effect and that the disease results rather from haploinsufficiency. This result is 350 in keeping with PTPN2-pLI score of 1 that predicts that the loss of a single copy should be poorly we did not observe any change in Ca 2+ mobilization (Supplementary Figure 7A) , or in 361 phosphorylation of ERK1/2 kinases downstream TCR activation between control and patient T 362 blasts. Of note, in this setting, LCK was also equally phosphorylated (Supplementary Figure 7B) . 363 These results were recapitulated in PTPN2-depleted Jurkat cells (Supplementary Figure 7C an unique opportunity to study the roles of susceptibility genes in clear genotype-to-phenotype 397 pathobiology. In contrast to GWAS which mainly underscore the contribution of innate immune 398 pathways, genes underlying monogenic IBD tend to affect molecular mechanism and cell types 399 involved in adaptive immunity-related processes (Supplementary Figure 1C) . This duality behind 400 the pathomechanism of IBD remains unexplored today. We collected multiple biological networks 401 that reflect diverse mechanisms known to be involved in IBD pathobiology, such as physical 402 protein-protein interactions or transcriptional regulation. We find that monogenic IBD genes form 403 significant disease clusters and are characterized by central positions within networks ranging from 404 the transcriptome to proteome and functional levels ( Figure 1B -D, Supplementary Figure 2A ). The 405 importance of network centrality as an indicator of gene essentiality has been shown for multiple 406 species 42 . Along the same lines, according to the recently proposed "omnigenics" model of 407 diseases 43, 44 , mutations within central core genes will impact regulatory networks more strongly 408 than variations within less central genes, thus inducing a disease phenotype more directly. 409 Therefore, to explore the hematopoietic component of IBD and identify essential links connecting 410 the innate and adaptive processes underlying bowel inflammation, we used genes that underlie 411 monogenic IBD and PID with IBD as starting point of our analysis. To identify GWAS genes 412 potentially playing such central roles for IBD and the IBD disease-module on networks, we 413 developed a network-based pipeline custom-tailored for IBD. Building on previous approaches for 414 utilizing known functional relationships among genes to contextualize and rank candidate genes 415 according to their proximity to known disease-associated genes 30, 45, 46 , we incorporated IBD 416 specific molecular interaction types, and introduce disease-module cohesion as the means to select 417 our top candidates. The network neighborhood of the final top candidates of our pipeline was 418 enriched with IBD-associated pathways, including the JAK/STAT pathway, as well as with 419 cancer-related pathways, highlighting the emerging parallel between chronic inflammation and 420 malignancy 47 . 421 We have identified 14 GWAS genes which were not yet associated with monogenic diseases but 422 had high disease-module cohesion. By screening a cohort of VEO-IBD patients, we identified a Flag-and GFP-tagged WT PTPN2 transfected into HEK293T cells at 1:1 vector ratio. b) PTPN2 531 activity assays were done with 200 ng and 100 ng of purified WT or C216G PTPN2 enzyme.
532
Assays were also done with a mixture (1:1 ratio) of 100 ng WT PTPN2 and C216G PTPN2. 533 Experiments were carried out in triplicate. c) STAT3 transcriptional activity following 48-hour 534 activation with IL-6 (10 ng/mL) of HEK293T cells expressing STAT3-responsive luciferase and 535 transfected with empty vector (EV), PTPN2 WT and C216G PTPN2 or both a 1:1 vector ratio. 
